The design and synthesis of imidazo [5',4':4,5]pyrido[2,3-d]pyrimidine nucleosides and 1,8-naphthyridine C-nucleosides with the aim of developing new base pairing motifs consisting of four hydrogen bonds is described.
H-bonding interaction plays a critical role in not only conserving and transmitting genetic information but also in double helix stability. Consequently, much attention has been devoted to the synthesis of artificial oligodeoxynucleotides (ODNs) including unnatural nucleobases, which could form a more stable, higher-ordered structure with DNA, RNA and protein, or DNA itself, with application to biochemistry, biotechnology, and medicinal chemistry. In contrast to the research directed toward thermally stable base pairing between natural and unnatural nucleobases, few studies have been reported on the possibility of alternative base pairing consisting of new H-bonding motifs. For example, Benner et al. proposed new base pairing, that is, 6-aminopyrazin-2-one: 5-aza-7-deazaisoguanine (V:J), isoguanine: isocytosine (isoG:isoC), and 2,6-diaminopyrimidine: 1-methyl-pyrazolo [4,3- 4 These motifs were re-designed to satisfy shape complementarity resembling a pyrimidine:purine base pair in natural DNA. In this report, we summarize the synthesis of these nucleosides and the results of thermal stability when these nucleosides are incorporated into complementary positions of ODNs.
Construction of imidazo[5',4':4,5]pyrido[2,3-d]pyrimidine nucleosides

Synthesis of imidazole 2'-deoxyribosides from 2'-deoxyinosine
The most straightforward synthesis of the desired nucleosides was thought to be through intramolecular cyclization of the 5-pyrimidinylimidazole nucleosides, which would be prepared from the Stille coupling reaction of a 5-iodoimidazole nucleoside with an appropriate tributylstannylpyrimidine. The 5-iodoimidazole nucleosides can be synthesized from 2'-deoxyinosine derivative 1. 5 The synthesis of the 5-iodoimidazole nucleosides 4a and 4b was first carried out as shown in Scheme 1. The 2'-deoxyinosine derivative 1 was treated with 1-chloro-2,4-dinitrobenzene in the presence of K 2 CO 3 to give 2. Conversion of 2 to 3a was achieved by treatment with ethylenediamine to give 3a. 5b Treatment of 3a with p-toluenesulfonyl chloride in pyridine gave the 5-aminoimidazole-4-carbonitrile derivative 3b. Compounds 3a and 3b were converted to their 5-iodo derivatives by treatment with isoamyl nitrite in diiodomethane to give 4a and 4b, respectively. 4 OH to give the 4-carboxamide derivative 9. Hydrolytic deamination of the amino group in 9 by treatment with isoamyl nitrite in THF containing a small amount of H 2 O gave 10.
7 When the resulting 10 was heated with NH 3 /MeOH in a steel container, the dioxo derivative i O O was obtained after deprotection of the silyl groups. The amino-oxo derivative i N O was synthesized also starting from 8 using the same procedure, that is, hydrolytic deamination, followed by the intramolecular cyclization and the deprotection. 
Scheme 3
However, when 9 was treated NH 3 /MeOH at 120 °C for 48 h, the desired cyclized product was not obtained, and 9 was recovered in quantitative yield. After several attempts, i O N was obtained efficiently as illustrated in Scheme 3. First, the 4-carboxamide group of 4a was converted to the methyl ester according to our previous method. 8 Thus, treatment of 4a with di-tert-butyl dicarbonate in the presence of Et 3 N and DMAP gave 12, which was then treated with NaOMe in MeOH to give 13. After the Stille coupling reaction of 13 with 5a in the presence of dba 3 Pd 2 CHCl 3 , the resulting crude products, probably including the intermediates 14 and 15, was treated with a mixture of NH 4 OH and 1,4-dioxane at 100 °C for 60 h in a steel container to give the oxo-amino derivative i O N after further deprotection.
Thermal stability of the DNA duplexes containing base pairings between the imidazopyridopyrimidine bases
To Table 1 . Contrary to our expectation, when one molecule of the tricyclic nucleosides was incorporated into each strand, the thermal stabilities of the duplexes did not increase. The T m values of the duplexes were all slightly lower than those of the duplexes containing a natural G:C or A:T pair at the corresponding positions, and no apparent specificity of base pairing was observed.
On the other hand, when three molecules of the tricyclic nucleosides were consecutively incorporated into the center of each ODN (the right column of Table 1 . From these data, it could be concluded that the H-bonding abilities between the imidazopyridopyrimidine bases are essential and affect the thermal stability of the duplex. However, a stacking interaction influence, arising from the extended aromatic surface of the imidazopyridopyrimidine bases, may also contribute to their stabilities. 9, 10 Therefore, the stacking ability of the imidazopyridopyrimidine bases were compared with natural nucleobases using self-complimentary ODNs containing an unpaired Z unit (5'-ZCGCGCG-3'), 10 in which each tricyclic base or natural base was introduced. The order of the stacking ability (∆∆G°)
3) > T (1.0). Together with thermal stability and stacking ability data indicated that not only a number of H-bondings, but also stacking ability contributed the thermal stability of the DNA duplexes containing the imidazopyridopyrimidine bases. However, the base pair between the imidazopyrido-pyrimidine would have a similar C1'-C1' distance between purine:purine base pairs. The distance in the G (anti):A (anti) mismatch was reported to be 12.5 Å, 11 while that in a canonical Watson-Crick base pair is 10.5 (±0.2) Å. 12 Therefore, we speculated that thermal destabilization of the duplex occurs at both sides of these pairs. When one pair of the tricyclic nucleoside was incorporated into the duplex, the destabilization factor arising from disruption of the Watson-Crick base pairs next to the pair would be greater than the stabilization arising from the stable H-bonds. Consequently, the duplex would become less stable ( Figure 4A ). On the other hand, when the tricyclic nucleosides were consecutively incorporated into the duplex, the duplex would be thermally stabilized to a great extent since the base pairs between the tricyclic nucleosides has stable H-bonds and a strong stacking ability with the adjacent bases. These stabilization factors would be superior to the conformational destabilization around the boundary of the base pairs. (Figure 4B ). 
Designing and synthesis of 1,8-naphthyridine C-nucleosides
The base pair of the imidazopyridopyrimidines markedly stabilized a duplex when three of the pairs were consecutively incorporated into ODNs. However, incorporation of one pair into ODNs resulted in destabilization of the duplex relative to those containing A:T and G:C base pairs. 3 These results showed shape complementarity resembling a pyrimidine:purine base pair in natural DNA is also important to stabilize DNA duplexes along with a number of H-bonds and base stacking. Since the goal of our continuing study is to develop base pairing motifs which stabilize and regulate DNA structures, including a double helix independent mode of incorporation of the new base pair(s), (i.e., one pair, three nonconsecutive pairs, and three consecutive pairs in this study), the novel 1, 8 
Scheme 4
The synthetic route to the target compounds is illustrated in Scheme 4. Starting with 2-amino-7-hydroxy-1,8-naphthyridine (20), 14 iodination by N-iodosuccinimide (NIS, 1.1 eq), followed by protection of the exocyclic amino group gave the 6-iodo-1, 8 
Figure 4
To investigate the base pairing properties of n N O and n O N , three classes of complementary duplexes were synthesized. As shown in Table 2 , the first class contains one X:Y pair in the center of the duplexes (duplex 1). The second one contains three nonconsecutive X:Y pairs (duplex 2), and the last one is made up of three consecutive X:Y pairs (duplex 3). The thermal stability of all duplexes was measured by thermal denaturation in a buffer of 10 mM sodium cacodylate (pH 7.0) containing 0.001 M NaCl, since in a buffer containing 0.1 M NaCl, some duplexes showed T m s higher than 95 °C.
As we expected, the pairs of extremely thermally stable duplexes by cooperative effects of the four H-bonds, the stacking effects and shape complementarity. In addition, these motifs are specific, so that these would be versatile in stabilizing and regulating a variety of DNA structures. 
